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Abstract
Fracture toughness of brittle amorphous polymers (e.g. PMMA) has been reported to decrease with loading rate at low rates
and increase abruptly to close to 5 times its static value at very high loading rates. Dynamic fracture toughness that is much
higher than the static values has attractive technological possibilities. However, the reasons for the sharp increase remain unclear.
Motivated by these observations, the present work focuses on the dynamic fracture behavior of Polycarbonate (PC), which is also
an amorphous polymer but unlike PMMA, is ductile at room temperature. The objective of this paper is to investigate if PC also
shows a behavior similar to PMMA, with a view to understanding the mechanics of the increase. Towards this end, a combined
experimental and numerical technique is adopted. Dynamic fracture experiments at varying loading rates are conducted on single
edge notched (SEN) specimens using Hopkinson bar with ultra high speed imaging (> 105 fps) to observe dynamic processes
during fracture. Concurrently, 3D dynamic ﬁnite element simulations are performed using a well calibrated material model for
amorphous polymers. Based on the experimental observation and numerical studies, mechanics behind dynamic fracture in PC is
explained in detail. It has been concluded that the ﬁnal fracture toughness remain invariant with loading rate. However, the void
initiation toughness is higher in dynamic loading compared to that in static, due to rapid expansion of void leading to radial crazes
emanating from it. With further studies on void dynamics, a mean stress based criterion for void initiation and then plastic strain
based criterion for ﬁnal fracture of PC is also established.
c© 2014 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of
Structural Engineering.
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1. Introduction
Increased fracture toughness at very high loading rates compared to their values under quasi-static conditions has
been reported for diﬀerent materials. For amorphous brittle polymer PMMA this increase is about 5 times, as shown in
Fig. 1 [Wada (1992), Wada et al. (1993), Rittel and Maigre (1996), Zhou et al. (2006), Huang et al. (2009)]. Dynamic
fracture toughness higher than their static values can be very advantageous under impact loading conditions. Motivated
by these observations, present work deals with the dynamic fracture behavior of another amorphous polymer named
Polycarbonate (PC). Unlike brittle PMMA, PC is ductile at room temperature. PC is used for many engineering
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Fig. 1. Eﬀect of loading rate on dynamic fracture toughness of PMMA.
applications which require impact resistant properties. Objective of the present work is to understand the mechanics
of dynamic fracture and increase in toughness at higher loading rates, which will help in exploring further applications
of polymers.
Towards this end, a hybrid experimental and numerical approach has been followed. Static experiments are con-
ducted on UTM and dynamic experiments are conducted on the Hopkinson bar. Ultra high-speed imaging (> 105
fps) is used to capture the crack initiation time and to keep track of fracture processes during dynamic loading. Three
dimensional ﬁnite element (FE) simulations are performed using a well calibrated, realistic constitutive model, similar
to the one proposed by Boyce et al. (1988), to understand the deformation and fracture mechanics at the notch tip.
Load-point displacement and fracture initiation time from the experiments are used to obtain the dynamic J Integral
at fracture initiation. This approach not only provides an accurate method of determining J at failure, but, with the
concurrent simulations, allows us to probe the notch tip ﬁelds that develop prior to fracture initiation and gain insights
into the micro-mechanics of initiation.
2. Experiments
Fracture experiments are conducted on single-edge notched (SEN) specimen, shown in Fig. 2, at various rates of
loading. PC fracture toughness is very sensitive to notch tip radius [Inberg and Gaymens (2002), Fraser and Ward
(1977)]. Hence, to explicitly identify the eﬀect of loading rate on fracture toughness of PC, controlled notch radius
of 0.15 mm is used in all experiments. Low loading rate fracture experiments are performed on a screw driven UTM
to determine static values of initiation toughness. High loading rate tests are performed on Hopkinson bar test setup,
as shown in Fig. 3. Test setup consists of 2m long and 12.5mm dia. loading bar and 300 mm long striker bar, both
made of Aluminum. High speed imaging is used to capture the crack initiation during test. Setup is appropriately
instrumented to record incident and reﬂected waves in the loading bar and synchronize the signals available from
diﬀerent devices.
Load-point displacement is calculated from recorded incident and reﬂected waves, using one-dimensional wave
calculations. Synchronization of high speed images with Hopkinson bar data provides crack initiation time within an
accuracy of camera interframe time, which is 2-10 μs.
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Fig. 2. SEN specimen geometry
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Fig. 3. Dynamic experiment test setup.
3. Simulation
PC deforms in ductile manner under uni-axial loading at room temperature. Yield strength of PC depends on
loading rate, pressure as well as temperature. To simulate the behavior of PC, a rate dependent elastic-viscoplastic
model similar to the one proposed by Boyce et al. (1988) is used. This model can eﬃciently capture the signiﬁcant
features of deformation (like softening, rehardening, rate and pressure dependent yield stress) for ductile amorphous
polymer. Various parameters required are obtained by ﬁtting the model to uni-axial tension and compression response
of PC in strain-rate range of 10−3 to 1 /s. Comparison between experimental stress-strain curves and curves from
simulation is shown in Fig. 4, for the ﬁnal set of parameters. Elastic modulus of 2100 MPa and Poisson’s ratio 0.38
are obtained from quasi-static experiments.
3D dynamic ﬁnite element (FE) simulations are performed using Abaqus Explicit v.10. Material model is imple-
mented in Abaqus using VUMAT. Eight noded isoparametric quadrilateral elements with reduced integration (CPE8R)
were used. FE model is shown in Fig. 5. Owing to symmetry of loading and geometry, quarter symmetric model
is analyzed. Mesh is self-symmetric in thickness direction. Support and loading bar are modeled as rigid surfaces
because of their higher stiﬀness compared to specimen. Surface to surface contact, with the provision for separation,
is applied between all contact surfaces. Mesh is suﬃciently reﬁned near the notch and near contacts, as shown in Fig.
5.
Load-point displacement from the experiments are applied as boundary condition at the loading bar and simula-
tions. After the simulation, dynamic J integral is calculated using domain integral method [Shih et al. (1986)] and is
reported only at the central plane of the specimen. J-Rate is measured as the slope of J Integral-time curve near the
ﬁnal fracture time.
4. Results and Discussion
The J integral at fracture, for all static and dynamic experiments is found to be 8-14 KN/m, which are plotted
in Fig.6. As such no signiﬁcant increase is immediately seen as was the case for PMMA. Simulations suggest that
fracture criteria for static and dynamic cases are not very diﬀerent and a critical mean values of about 110 MPa is a
suitable criterion governing fracture initiation in PC.
However, more careful observation near the notch-tip in static as well as dynamic experiments reveals some inter-
esting facts. As shown in Fig. 7, under quasi-static loading void initiates at a lower J integral value (J=3.5 KN/m)
and then a large amount of energy is required from the point of void initiation to ﬁnal fracture. This makes the ﬁnal
fracture toughness of PC much higher compared to void initiation toughness. Whereas, in the dynamic cases frac-
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Fig. 4. Uni-axial tension and compression curves for PC.
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Fig. 5. FE model.
ture happen just after the void initiation and thus initiation and ﬁnal toughness values are very close. Thus, the ﬁnal
fracture toughness does not vary with loading rate, but the void initiation toughness has higher values under dynamic
loading compared to that under static.
Location of void is roughly measured as 0.3 mm from the notch tip in static as well as dynamic cases. Simulations
show that at the time of void initiation, maximum mean stress also appears at a distance of 0.25-0.3 mm from the
notch tip. Maximum mean stress in static and dynamic cases are about 80 MPa and 110 MPa, respectively, as shown
in Fig. 9. This suggests a critical mean stress based criterion for void initiation, which is higher for dynamic loading.
In an earlier work Narisawa et al. (1980) has also reported an increase in critical mean stress with loading rate but at
much lower range of loading rates.
Further to study the void dynamics, a void of diameter 100 μm is modeled with its center positioned at the crack
plane, 0.3 mm away from the notch tip and at the central plane in thickness direction. These simulations show a
rapid increase in equivalent plastic strain near void under dynamic conditions compared to a gradual increase in static
case. This causes sudden expansion of a small void under dynamic situation leading to the radial crazes emanating
from it. Void in the simulations do not grow till void initiation time, which means that conditions at the notch tip are
not getting aﬀected by the presence of void before the void initiation time. Micrography of fracture surfaces show
radially emanating crazes from void, schematic of the micrographic features from the initiation zone in shown in Fig.
8. Detailed discussion on these micrographic features for fracture surfaces under static and dynamic loadings can be
found in Hull and Owen (1973) and Agrawal and Pearsall (1991). At ﬁnal fracture time, equivalent plastic strain in
the central plane attains an average critical values of about 0.85 near the void. For some of the simulation these values
are plotted in Fig. 9. Thus, it has been suggested that once the plastic strain near void achieves the critical value,
crazes will start growing from void and will lead to the ﬁnal fracture. Radial distribution of equivalent plastic strain
surrounding the void, as shown in Fig. 10, can be correlated with the radially emanating crazes, shown in Fig. 8.
5. Conclusion
In the present work, mechanics of dynamic fracture in PC is studied by following a combined experimental and
numerical approach. Static and dynamic fracture experiments are conducted on SEN specimen. Simultaneously, load-
point displacement and fracture time from experiments are used to perform FE simulations. In the ﬁrst observation no
variation in the fracture toughness is observed between static and dynamic loading rates. However, a close observation
of notch tip during fracture process under static and dynamic loading gives useful insight of the process. It has been
observed that under static loading void initiates in front of the notch tip at much earlier stage during fracture test
and then lots of energy is consumed for coalescence of voids till the time unstable fracture happens. This makes the
ﬁnal fracture toughness much higher compared to the void initiation toughness in static conditions. However, under
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Fig. 6. Variation of J Integral with J-Rate.
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Fig. 7. Void initiation and propagation phenomenon in Static and Dy-
namic experiments.
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Fig. 8. Schematic of the micrographic features of fracture surface under
(a) Dynamic loading, (b) Static loading, from initiation zone only.
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Fig. 9. Critical mean stress and equivalent plastic strain
from some simulations.
dynamic conditions void initiation requires more energy compared to static case, but is immediately followed by the
ﬁnal unstable fracture, making the void initiation and ﬁnal fracture toughness almost same. Thus, though the ﬁnal
fracture toughness is almost invariant to the loading rate, initiation toughness in static conditions is much lower than
dynamic conditions. Using FE simulations, critical mean stress was found to be suitable criterion for void initiation,
which depends on loading rate and has a higher value at higher loading rates. Studying the void dynamics through
simulations, we are able to establish that propagation of void till ﬁnal fracture is controlled by critical amount of
plastic strain surrounding the void. Once the plastic strain reaches critical values it causes rapid expansion of a small
void leading to radial crazes emanating from it and ﬁnally to unstable crack growth.
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Fig. 10. Radial contours of equivalent plastic strain contours surrounding void.
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